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Nervous systems receive, process, store, and transmit 
complex information with high fidelity. These properties 
of the nervous system reflect, in large part, specific pat- 
terns of connections between neurons and targets (neu- 
ronal connectivity). Neuronal connectivity is an extraordi- 
nary example of biological complexity. In the human brain, 
for example, an estimated lOi1 neurons establish a net- 
work of 1 014 synaptic connections. Many of these neurons 
can be grouped into classes with highly characteristic pat- 
terns of connectivity; thus, much of the wiring is created by 
the reiteration and diversification of prototypic connection 
patterns. In relatively simple invertebrate systems, con- 
taining far fewer cells, neurons also form precise and com- 
plex patterns of connections. The ability to identify individ- 
ual invertebrate neurons by position, morphology, and 
molecular markers has led to the demonstration that many 
form connections that are essentially invariant from one 
individual to another. 
The emergence of connectivity patterns during develop- 
ment is a highly dynamic process. Neurons extend projec- 
tions that are often guided toward their targets by local 
cues along the paths they follow (reviewed by Keynes and 
Cook, 1995 [this issue of Ce//]). In some cases, neurons are 
drawn toward their target regions by diffusible molecules 
(chemotactic factors) produced by the target. Upon enter- 
ing the target region, the neuron must choose between 
different cell types (cell-to-cell specificity) and in many 
cases must also select a cell with the correct address or 
position within a field of otherwise identical targets (topo- 
graphic specificity). In many systems the initial patterns 
of connectivity are rather coarse, and subsequent patterns 
of neuronal activity refine them. 
Recent studies suggest that, as for cell fate determina- 
tion and pattern formation, the mechanisms used in neu- 
ronal connectivity will be evolutionarily conserved. In this 
review, we consider recent progress toward understand- 
ing the molecular and cellular basis of neuronal target 
recognition achieved by studying different aspects of this 
process in both vertebrate and invertebrate systems. 
Target-Derived Chemotactic Factors 
It has long been proposed that neurons may be attracted 
to their synaptic targets by diffusible substances (chemo- 
tactic factors) released by the target (Ramon y Cajal, 
1892), and experimental embryological approaches have 
provided evidence for this. For instance, deletion of a seg- 
ment of epaxial muscle (via surgical removal of its precur- 
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sor, the dermomyotome) leads to misrouting of epaxial 
motoneurons to epaxial muscle in adjacent segments 
(Tosney, 1987). Normally, these motoneurons project from 
the ventral spinal cord into the anterior sclerotome and 
then turn dorsally toward the dermomyotome. In the ab- 
sence of its normal target, theepaxial motoneuron isselec- 
tively attracted to epaxial muscle (or its precursor) in adja- 
cent segments. Evidence for chemotropism also has come 
from studies in the central nervous system. Develop- 
mental studies show that layer 5 cortical neurons initially 
project past the basilar pons and into the spinal column; 
innervation of the pons occurs subsequently by selective 
branching of layer 5 axons. Through the use of X-irra- 
diation of developing rats to disrupt basilar pons develop- 
ment, animals were generated that either lacked basilar 
pons or contained ectopic clusters of pontine neurons 
(O’Leary et al., 1990). In the absence of the pons, no 
branches were observed, whereas branches appeared in 
regions containing ectopic pontine cells. 
The isolation of chemotactic factors has been frustrated 
by the lack of biochemical assay systems. Using an in 
vitro explant assay system, researchers isolated a factor, 
netrin-1 , that acts selectively to attract spinal commissural 
neurons (Serafini et al., 1994; Kennedy et al., 1994). Ne- 
trin-1 is the best-characterized chemotropic factor in the 
nervous system. It is expressed in the floor plate of the 
developing spinal cord and has been demonstrated to 
function as a diffusible chemoattractant for some neurons 
(Kennedy et al., 1994) and a chemorepellant for others 
(Colamarino and Tessier-Lavigne, 1995). Although pres- 
ent studies address netrin-1 function in pathway selection 
and not in target selection, it is likely that the basic mecha- 
nisms of chemotropism will be similar for both (for further 
discussion of netrin-1 , see Keynes and Cook, 1995). Re- 
markably, netrin-1 is 50% identical to the Caenorhabditis 
elegans UNCB protein, which has been shown through 
genetic analysis to regulate neuronal outgrowth and cell 
migration along the dorsoventral axis of the worm body 
wall (Ishii et al., 1992). This suggests that target-derived 
chemotropic molecules also may be evolutionarily con- 
served. In the following section, we review two systems 
for which in vitro studies demonstrate the existence of 
target-derived chemotropic factors and hence may pro- 
vide a starting point for their isolation and molecular 
cloning. 
Two target-derived chemotactic factors have been iden- 
tified using an in vitro assay in which neurons and their 
targets are placed at a distance from one another in a 
collagen gel matrix (Lumsden and Davies, 1983). The col- 
lagen gel allows gradients of diffusible factors to be estab- 
lished and permits neurons to extend processes in re- 
sponse. In this assay, neurons from the murine trigeminal 
ganglion grow toward their target, the whisker epithelium 
(Lumsden and Davies, 1983). The ability to attract trigemi- 
nal neurons does not require direct contact between the 
two tissues and can function at distances of up to 500 pm 
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in vitro (similar to the distance between the two tissues in 
vivo). This chemotactic activity is highly specific: tissue 
adjacent to the target does not possess it, and trigeminal 
neurons (but not the adjacent geniculate neurons) are 
competent to respond to it (Lumsden and Davies, 1986). 
Thus, the whisker epithelium specifically produces a che- 
motactic factor that selectively attracts the axons of its 
synaptic partner. 
The best-characterized target-derived chemotactic ac- 
tivity in the central nervous system is produced by the 
basilar pons and guides branching of layer 5 cortical neu- 
rons. Combining the collagen gel assay with time-lapse 
video microscopy, Sato et al. (1994) demonstrated that 
the developing pons produce a diffusible factor(s) that pro- 
motes axon branching, influences the initial direction of 
branching, and selectively stabilizes branches that form 
in the correct direction. This factor is highly specific, as 
nontarget regions such as neocortex and olfactory bulb 
did not stimulate directional branching (although maxillary 
tissue stimulated branching in a nondirected fashion). In 
addition, the pons factor affected only cortical axons from 
layer 5. The molecular natures of the whisker epithelium 
and the pons chemoattractants are not yet known. It will 
be of special interest to determine the effect of removal 
or misexpression of these factors on target selection in 
the developing animal. 
Cell-to-Cell Specificity 
Upon reaching the target region, a neuron must choose 
a specific postsynaptic target. In many cases neurons se- 
lect a unique target from a set of diverse cell types (cell-to- 
cell specificity). In more complex nervous systems, arrays 
of essentially identical neurons project to fields of target 
cells from which they must choose target cells not only of 
the correct type but also with the correct address (topo- 
graphic mapping). We discuss cell-to-cell specificity in this 
section and the mechanisms generating topographic 
maps in the last two sections. 
Are there matching sets of recognition molecules that 
mediate precise patterns of connectivity, or is the connec- 
tivity pattern determined by spatial and temporal determi- 
nants (e.g., by the order in which neurons innervate target 
regions and the availability of targets at the time of innerva- 
tion) or by neuronal activity? Although there is consider- 
able evidence that neurons are directed toward their target 
regions by specific molecular cues, there is little evidence 
that once within the target region, neurons select among 
different cell types based on the expression of different 
recognition molecules. Nevertheless, elegant studies on 
the synaptic connectivity patterns of afferent sensory neu- 
rons and motoneurons underlying the vertebrate stretch 
reflex support a role for specific cell-to-cell recognition in 
forming patternsof connections. Afferent sensory neurons 
make connections to only a subset of the motoneurons 
that share dendritic fields in the ventral spinal cord (re- 
viewed by Frank, 1993). These patterns of connections 
are formed independently of neuronal activity and do not 
reflect obvious differences in the spatiotemporal patterns 
of the connections made by different sensory afferents 
and motoneurons. Recent studies in the Drosophila moto- 
neuron system also argue in favor of specific recognition 
between identified neurons and their targets (see below). 
In this section we discuss several systems that seem 
well suited to identifying specific molecular determinants 
of cell-to-cell specificity. Genetic approaches in Drosoph- 
ila and C. elegans are based on the ability to identify muta- 
tions in which patterns of connectivity are disrupted. These 
may prove particularly important given the lack of bio- 
chemical assay systems to identify such determinants. 
Several approaches in vertebrates based on molecular 
diversity provide exciting prospects for decoding cell-to- 
cell specificity. It is in this context that we consider neu- 
ronal connectivity in the olfactory system and the potential 
role of the neurexins. 
Genetic Analysis in Drosophila and C. elegans 
Drosophila 
A very promising system for dissecting the molecular 
mechanisms of cell-to-cell recognition is the pattern of syn- 
aptic connections elaborated by Drosophila Larval moto- 
neurons on their muscle targets in the body wall. A series 
of experiments support a model in which different moto- 
neurons specifically recognize different muscle targets. 
Development of the projection pattern can be readily fol- 
lowed at the level of cells identified individually using im- 
munohistology. In addition, the system is amenable to ge- 
netic analysis; both gain- and loss-of-function mutations 
affecting this pattern have been described. 
During Drosophila embryogenesis, motoneurons pro- 
ject from the central nervous system to distinct sets of 
body wall muscles. The development of the motoneuron 
connections onto body wall muscles comprising each side 
of abdominal segments A2-A7 has been studied in consid- 
erable detail. For example, motoneurons RPl and RP3 
grow into ventral muscle within the same fascicle and grow 
between muscle fibers to innervate their correct muscle 
targets; RP3 innervates muscles 6 and 7, and RPl grows 
past these muscles and terminates on muscle 13 (Figure 
1). Although motoneurons elaborate filopodial contacts 
with other muscles, these interactions are short-lived, and, 
for the most part, the growth cone grows directly to its 
target. Genetic and cell ablation techniques have provided 
evidence for recognition between different motoneurons 
and their targets. For instance, in embryos in which muscle 
13 is duplicated, both the normal and ectopic muscle are 
innervated by RPl but not by RP3. In numb mutant em- 
bryos, which lack muscles 7, 12, and 13, RP3 connected 
normally to muscle 6 while RPl innervated no muscles 
(Chiba et al., 1993). 
Two different genetic approaches have been used to 
investigate the mechanisms bywhich motoneurons recog- 
nize their specific targets. In one approach, a series of 
cell surface and secreted proteins were eliminated by mu- 
tation or misexpressed in different subsets of muscles. 
These proteins, fasciclin Ill (Faslll), semaphorin II (Sem- 
all), and connectin, were isolated using immunological 
techniques to identify moleculeswith a spatiotemporal pat- 
tern of expression consistent with a role in controlling axo- 
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Figure 1. Drosophila Motoneuron Projections 
Schematic of the motoneuron innervation pattern in abdominal seg- 
ments A2-A7; one hemisegment is shown. Rectangles indicate posi- 
tions of individual muscles; lines and circles indicate projections and 
connections made by identified motoneurons. The RPI motoneuron 
and its target, muscle 13, are shown in red. The RP3 motoneuron and 
its targets, muscles 6 and 7, are shown in blue. 
nal outgrowth, target recognition, or both (Pate1 et al., 
1987; Kolodkin et al., 1993; Nose et al., 1992). 
Faslll has been shown to function in vitro as a homophilic 
adhesion molecule (Snow et al., 1989) and to be expressed 
by motoneurons RPl and RP3 and by muscles 6 and 7 
(Keshishian et al., 1993). (Faslll is expressed widely in the 
central nervous system and in muscles [Patel et al., 1987; 
Keshishian et al., 19931, but its role has been most exten- 
sively investigated in RPl, RP3, and their targets.) Al- 
though a null mutation in Faslll had no effect on connectiv- 
ity, ectopic expression of Faslll on all muscles caused RP3 
to recognize many targets, but did not affect RPl (Chiba 
et al., 1995). As RPl expresses Faslll, it will be important 
to determine whether, as anticipated, RP3 must express 
Faslll to respond to Faslll on muscles. These studies dem- 
onstrate that Faslll can contribute to positive interactions 
between motoneuron and target. However, Faslll is not 
sufficient to specify cell-to-cell recognition as elimination 
of Faslll does not affect connectivity and Faslll-expressing 
RPl ignores Faslll-expressing targets. 
Two other candidate specificity molecules in the larval 
motoneuron system are Semall and connectin. Semall 
mutants show a variety of behavioral defects, but abnor- 
malities in neuronal connectivity have not yet been re- 
ported (Kolodkin et al., 1993); null mutations in connectin 
cause no obvious phenotype (Nose et al., 1994). However, 
these two molecules do function to inhibit formation of 
specific connections when they are ectopically expressed 
(Nose et al., 1994; Matthes et al., 1995). Expression of 
Semall at high levels on muscles 6 and 7 prevents RP3 
from innervating these targets. This is consistent with the 
function of a member of the semaphorin gene family in 
grasshopper, which appears to guide the Til growth cone 
by repulsive interactions in vivo (Kolodkin et al., 1993), and 
of the related vertebrate protein collapsin, which shows 
growth cone collapsing activity in vitro (Luo et al., 1993). 
Similarly, high levels of connectin also inhibit the ability 
of RP3 to recognize muscles 6 and 7 (Nose et al., 1994). 
Interestingly, connectin functions as a homophilic cell ad- 
hesion molecule in vitro (Nose et al., 1992); perhaps con- 
nectin interacts with a different protein on the surface of 
the RP3 growth cone to mediate repulsive interactions. 
Taken together, these studies have identified molecules 
expressed in restricted populations of cells that can func- 
tion in vivo to alter target recognition. They demonstrate 
that both repulsion of inappropriate innervation and pro- 
motion of appropriate innervation can play important roles 
in cell-to-cell specificity. Finally, they argue for functional 
redundancy of some components and allude to the poten- 
tial importance of combinatorial mechanisms in target rec- 
ognition. 
The ability to assess rapidly the stereotyped connectivity 
patterns of Drosophila motoneurons in whole-mount prep- 
arations has been used to screen for mutations that disrupt 
them. This approach finds genes based on their function 
and can identify molecules that may be hard to detect 
biochemically or immunohistologically. Mutations altering 
the motoneuron projection pattern were identified bystain- 
ing mutagenized embryos with a monoclonal antibodythat 
highlights the projections of all motoneurons as they travel 
to their muscle targets in the periphery (Van Vactor et 
al., 1993). Two of the mutations identified, w&o and c/u, 
appeared to disrupt target recognition by small groups of 
motoneurons and may be important in defining the re- 
gional specificity of targeting (i.e., the ventral muscle 
group). However, despite the cell-to-cell specificity of con- 
nections between motoneurons and targets, no mutations 
were recovered that selectively disrupted connections to 
individual muscles. It may be necessary to screen for such 
mutations by staining mutagenized embryos with reagents 
that highlight only a subclass of neurons. 
The Drosophilavisual system is well suited to the identifi- 
cation of mutations that disrupt individual connections. 
The eight uniquely identifiable photoreceptor neurons in 
each eye facet project to their targets in a stereotypical 
fashion: different classes of photoreceptor neurons con- 
nect to different ganglia. Targeting errors in this system 
can be readily detected (Martin et al., 1995). Furthermore, 
the connectivity pattern is reiterated in a regular array 
some 800 times per eye, allowing mutations that cause 
only infrequent targeting errors to be identified. Using a 
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histological screen, Martin et al. (1995) isolated mutations 
that lead to defects in target recognition. In addition, the 
photoreceptor cells form a topographic map in the optic 
ganglia, opening the possibility for studying this aspect of 
connectivity in the fly eye as well. 
C. elegans 
The nervous system of C. elegans shows many aspects of 
cell-to-cell specificity. The hermaphrodite nervous system 
contains only 302 neurons; the entire wiring pattern is 
known and is largely invariant from animal to animal (White 
et al., 1986). In principle, the effects of a mutation on the 
connectivity pattern of the entire worm can be determined. 
A number of screens for mutations that alter worm behav- 
ior have been performed to identify molecules involved in 
neuronal pathfinding and target recognition. Screens for 
worms that show aberrant movement have yielded two 
mutations, uric-4 and uric-7, that disrupt specific neuronal 
connections. 
The uric-4 mutation causes many of the VA motorneu- 
rons to receive gap junction input from the interneurons 
that usually innervate only their sister VB motorneurons 
(White et al., 1992). The uric-4 gene encodes a homeodo- 
main protein that likely functions in transcriptional control 
(Miller et al., 1992). If uric-4 functions in the VA cells, the 
change in input specificity seen in the mutant could be 
due to a change in cell fate that transforms one aspect of 
the VA motorneuron fate to its VB sister’s fate (White et 
al., 1992). Interestingly, this change affects only input 
specificity; the specificity of output is unaffected. These 
studies suggest that there are transcription factors control- 
ling individual aspects of neuronal identity, including dis- 
tinct aspects of neuronal connectivity, within a single 
neuron. 
Inappropriate gap junction connections are also seen 
in animals mutant for uric-7 (Starich et al., 1993). In uric-7 
mutants the AVA interneuron makes gap junctions with 
additional motorneurons. uric-7 encodes a cell surface 
protein (Starich et al., 1993) that is homologous to the 
Passover gene product of Drosophila (Krishnan et al., 
1993); Passover was identified as a mutation that disrupts 
gap junction communication in the giant fiber circuit in 
Drosophila. The molecular function of neither UNC-7 nor 
Passover is known. 
In the past, studying connectivity in C. elegans was par- 
ticularly challenging due to the need to use electron mi- 
croscopy to analyze patterns of neuronal connectivity, 
which hindered both mutational and developmental analy- 
sis. Recently introduced reagents such as green fluores- 
cent protein (Chalfie et al., 1994) which can be expressed 
in specific neurons under the control of selective promot- 
ers, now allow the development of the connection pattern 
to be viewed in intact animals at high resolution. This will 
facilitate both screening directly for mutations that disrupt 
connectivity and assessing defects present in existing be- 
havioral mutants. 
Studying Cell-to-Cell Recognition in Vertebrates 
Connectivity in the O/factory System 
The mammalian olfactory system provides a striking ex- 
ample of cell-to-cell specificity. In the olfactory system, 
olfactory neurons located in the nasal epithelium project 
to target regions in the olfactory bulb called glomeruli, 
which arediscrete regionsof neuropil containingtheaxons 
of olfactory neurons and the dendrites of their target neu- 
rons. There are 1000-2000 glomeruli per olfactory bulb 
in mouse, and each bulb is innervated by some 5 x lo6 
olfactory sensory neurons (Royet et al., 1988; Pomeroy et 
al., 1990). The identification of afamilyof unique mOb.?CUlar 
labels (olfactory receptors) expressed by olfactory neu- 
rons may provide an opportunity to identify recognition 
molecules (Buck and Axel, 1991). 
The olfactory receptors constitute a large gene family 
(- 1000 genes in mammals). Individual olfactory neurons 
express only one or a few receptor genes (Chess et al., 
1994), and the expression of any individual receptor is 
somewhat dispersed over the nasal epithelium (Vassar et 
al., 1993; Ressler et al., 1993). Low levels of olfactory 
receptor mRNAs can be detected in the synaptic termini 
of the olfactory neurons by in situ hybridization. This led 
to the finding that neurons that express the same odorant 
receptor project to the same glomerulus (Vassar et al., 
1994; Ressler et al., 1994). Thus, there appears to be a 
1: 1 correlation between the identity of the olfactory neuron, 
defined by the olfactory receptor expressed, and the glo- 
merulus it innervates. The arrangement of glomeruli is 
highly stereotyped, as shown by the similarity in the glo- 
merular distribution of specific receptor messages be- 
tween individuals(Vassaret al., 1994; Ressleret al., 1994). 
This emergent picture of connectivity in the olfactory 
system has raised a number of questions. How does the 
projection pattern evolve during development? Is targeting 
largely independent of neuronal activity, as in the Drosoph- 
ila neuromuscular system, or is the projection pattern ini- 
tially rather crude, with refinement dependent upon neu- 
ronal activity, as seen in thevertebrate retinotectal system 
(see below)? What are the molecular determinants of spec- 
ificity, and how does one identify them? The olfactory re- 
ceptors themselves are obvious candidates, although it 
has not yet been shown that the receptors are present 
on the growth cones of the olfactory neurons during the 
formation of connections. If the olfactory receptor is indeed 
the specificity determinant on the growth cone, what is 
the complementary molecule in the target? Alternatively, 
if the olfactory receptor is not involved in targeting, how 
is the expression of a particular receptor gene linked to 
specific targeting characteristics? Should olfactory recep- 
tors not be directly involved in target recognition, they may 
provide markers for isolating populations of olfactory neu- 
rons that share the same synaptic specificity. Such pure 
populations of cells could provide a basis for molecular 
approaches to identifying recognition molecules. 
Neurexins Are Candidates for Neuronal 
Recognition Molecules 
It is a commonly held view that cell-to-cell specificity relies 
on diverse yet complementary cellular labels on neurons 
and targets. Molecular studies on a presynaptic mem- 
brane protein family called the neurexins have led to the 
proposal that they may function as recognition labels. 
The neurexins have several properties that make them 
candidates for encoding a large set of specific connection 
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labels. Neurexins are highly polymorphic cell surface and 
secreted proteins, examined so far in rodents and cow, 
that are encoded by three genes, each having two promot- 
ers (Ullrich et al., 1995). From these six primary tran- 
scripts, extensive alternative splicing has been estimated 
to give rise to between 600 and 2000 protein variants (UII- 
rich et al., 1995). Neurexins are expressed in neurons prior 
to synaptogenesis. Alternative forms of neurexins exhibit 
distinct distribution patterns, with different neurons ex- 
pressing different combinations of neurexins. A ligand, 
neuroligin 1, that selectively recognizes a particular subset 
of neurexin splicing variants has been identified (Icht- 
chenko et al., 1995). These findings are consistent with 
neurexins and their ligands contributing to specificity of 
neuronal connections. Indeed, a highly polymorphic set 
of cell surface molecules that recognize specific ligands 
could create a large number of specific labels on neurons 
and targets. Although neurexins are interesting candi- 
dates for such labels, there is as yet no functional data 
linking them to the process of connection specification. 
Establishing a Topographic Map 
Topographic specificity, well documented in the verte- 
brate visual, auditory, and somatosensory systems, refers 
to the point-to-point spatial mapping of an array of neurons 
onto a field of targets; individual neurons and targets are 
distinguished from one another on the basis of their posi- 
tion. The neurons in these maps appear to have the same 
basic cell-to-cell specificity. Thus, additional information 
is needed to specify position. Possible mechanisms that 
could be used to provide positional information include 
chemical affinities, spatiotemporal cues (such as timing 
of outgrowth or maturation), and neuronal activity. The 
mechanisms regulating topographic map formation have 
been most intensively studied in the vertebrate retinotectal 
system. 
The mechanisms by which retinal ganglion cells (RGCs) 
elaborate a topographic map on the optic tectum have 
proven readily amenable to surgical, biochemical, and mo- 
lecular investigation (Holt and Harris, 1993). In the retino- 
tectal system, RGC axons project in a precise array onto 
the tectum, with axons from nasal RGCs innervating pos- 
terior tectum and axons from temporal RGCs innervating 
anterior tectum (Figure 2). There is a point-to-point map- 
ping of RGCs along the dorsal/ventral axis as well. 
Experimental evidence that led Sperry(1963) to propose 
the existence of chemical labels on RGCs and their targets 
came from size disparity experiments in which RGC pro- 
jections were destroyed, part of the retina was removed, 
and the remaining RGCs were allowed to reinnervate the 
tectum. The RGC axons grew back to their appropriate 
positions, ignoring adjacent vacant tectal sites (Sperry, 
1963). Furthermore, when a piece of tectum was moved 
to an ectopic tectal location, it reestablished connections 
with the RGCs from its original position (Yoon, 1973). 
These arrays contain large numbers of neurons and tar- 
gets, making it highly unlikely that a matching set of unique 
labels (or specific combinations of them) specifies posi- 
tion. Rather, Sperry proposed, it is more likely that posi- 
tional identity is encoded by a graded distribution of a 
Figure 2. Vertebrate Retinotectal Projections 
Schematic depicting the topographic projection pattern of FtGCs to 
targets in the optic tectum. Projections are topographically mapped 
along both the nasal/temporal (anterior/posterior) and the dorsaken- 
tral axes. For simplicity, only the nasal/temporal (anterior/posterior) 
axis is shown. 
limited set of determinants that confer chemical affinities 
between appropriate partners. 
Further experimentation has led to a revised picture in 
which chemoaffinity is important, but is not the only factor 
in establishing the map. In his size disparity experiments, 
the initially restricted map that Sperry observed wasshown 
to expand over time to cover the entire tectum, while re- 
taining relative topography (reviewed by Fraser and Per- 
kel, 1990). This suggested that competition among RGC 
axons for synaptic sites could be important in setting up 
the map. Alternatively, changing the size of the retinal or 
tectal field may eventually lead to respecification of molec- 
ular positional values. 
Neuronal activity is not necessary for the establishment 
of a gross retinotopic map. However, blocking neuronal 
activity in RGCs and tectal cells with tetrodotoxin during 
the period of regeneration in goldfish or altering the pattern 
of RGC neuronal activity by growing the fish in strobe light 
during this period blocks refinement of the map (reviewed 
by Goodman and Shatz, 1993). Similar effects have been 
observed when neuronal activity is blocked during devel- 
opment of the projections in chick and rat (Kobayashi et 
al., 1990; Simon et al., 1992). Thus, in the current view, 
activity-independent mechanisms set up the initial con- 
nection patterns in the retinotectal system that are then 
refined in some species by activity-dependent mecha- 
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nisms. We first consider what is known about the mecha- 
nisms controlling the activity-independent steps of map 
formation. 
Topographic Mapping by Chemical Affinities in the 
Retinotectal System 
Experiments by Bonhoeffer and colleagues (reviewed by 
Tessier-Lavigne, 1995) have provided biochemical evi- 
dence for the functional gradients of guidance molecules 
proposed by Sperry. In their in vitro system, called the 
membrane stripe assay, different membrane preparations 
are laid down in alternating stripes over a surface permis- 
sive for axonal extension, and RGC axons are given the 
opportunity to choose their preferred surface for growth 
(Walter et al., 1987). When alternating stripes of anterior 
and posterior tectal membrane preparations are used, 
RGC axons from temporal regions avoid the posterior 
stripes and grow on anterior stripes instead. This has been 
shown to be caused by a repulsive activity present in poste- 
rior regions. The repulsive activity appears to be graded 
and has been attributed to a 33 kDa glycosylphosphatidyl- 
inositol (GPI)-linked extracellular protein (Stahl et al., 
1990). Furthermore, it has been demonstrated that an in- 
creasing gradient of the repulsive activity above a critical 
slope, and not simply the presence or absolute level of the 
repulsive activity, causes temporal axons to stop growing 
(Baier and Bonhoeffer, 1992). Thus, a gradient of a repul- 
sive activity and the ability of RGC axons to respond selec- 
tively to such a gradient have been demonstrated. 
Recently, several molecules that are expressed in a 
graded fashion in the retinotectal system have been identi- 
fied (Savitt et al., 1995; Cheng et al., 1995; Drescher et al., 
1995). These include the TOPnp protein, identified using a 
monoclonal antibody that recognizes a protein expressed 
in a graded fashion, highest anteriorly and lowest posteri- 
orly, in both chick retina and tectum (Savitt et al., 1995). 
TOPAP is a novel integral membrane protein of unknown 
function. An Eph family receptor tyrosine kinase (RTK), 
Mek4, and two Eph family ligands, ELF-l and RAGS, have 
been identified that are also expressed in agraded fashion 
in the chick retina and tectum, respectively. With at least 
12 members in vertebrates, the Eph family constitutes the 
largest known subfamily of RTKs (Tuzi and Gullick, 1994). 
Although many of these are highly expressed in the ner- 
vous system, it has been only recently that their function 
in the nervous system has been explored. Mek4was identi- 
fied by antiphosphotyrosine expression in E. coli (Sajjadi 
et al., 1991) and ELF-l by its interaction with Mek4 and 
another Eph family RTK called Sek (Cheng and Flanagan, 
1994). RAGS was purified in a search for GPI-linked pro- 
teins preferentially expressed in posterior tectum at the 
time of innervation (Drescher et al., 1995) and it is distinct 
from the previously described 33 kDa repulsive protein 
(Stahl et al., 1990). 
The Mek4 RTK is expressed in a graded fashion in the 
retina, with high levels in temporal RGCs and low levels 
in nasal RGCs (Cheng et al., 1995). Meanwhile, the highly 
related ligands ELF-l and RAGS are associated with cell 
membranesviaGPI linkages and are expressed in agradi- 
ent in the tectum, highest anteriorly and lowest posteriorly 
(Cheng et al., 1995; Drescher et al., 1995). Thus, RGCs 
expressing high levels of the Mek4 RTK connect to tectal 
regions expressing low levels of the ELF-l and RAGS li- 
gands, suggesting that if these molecules do interact to 
control guidance, the interaction would repel RGC axons. 
Using the membrane stripe assay, Drescher et al. (1995) 
have demonstrated that RAGS repels RGC axons in vitro; 
however, both nasal and temporal RGC axons are re- 
pelled. This lack of nasal/temporal specificity could reflect 
interactions between RAGS and other Eph family RTKs, 
such as the Sek RTK, which is expressed uniformly by 
RGCs (Cheng et al., 1995). In vivo, additional factors could 
impart nasal/temporal specificity to RAGS, or RAGS could 
function as a repellent for all RGCs. Nonetheless, RAGS 
has been shown to be a molecule that is both present in a 
gradient in the retinotectal system and has a physiological 
effect on axons. These data and the recent observation 
that the Eph family receptor REK7 and ligand AL-1 can 
alter axonal bundling (Winslow et al., 1995) implicate this 
family in neuronal connectivity. 
Despite the existence of graded activities that function 
to restrict axonal extension in the retinotectal system, in 
some animals the initial map along the anterior/posterior 
axis of the tectum is quite crude (O’Rourke and Fraser, 
1990; Simon and O’Leary, 1992). In the rat superior collicu- 
lus (the mammalian equivalent of the tectum), the initial 
RGC projection pattern shows no discernible anteriorlpos- 
terior topography (Simon and O’Leary, 1992). The topo- 
graphic map emerges in a second step when, in a se- 
quence reminiscent of the pons innervation, the RGC axon 
shafts extend branches to reach their targets. This branch- 
ing shows a topographic bias: temporal axons preferen- 
tially extend projections in anterior tectum, and nasal ax- 
ons preferentially extend projections in posterior tectum. 
Using a variation on the membrane stripe assay, Roskies 
and O’Leary (1994) identified a GPI-linked activity that in- 
hibits temporal axon branching in posterior membranes 
from the rat superior colliculus. Finally, selective trophic 
interactions also may contribute to retinotectal mapping. 
In fact, nasal but not temporal axon survival is promoted 
by posterior membranes (von Boxberg et al., 1993). 
In summary, several mechanisms, including repulsion 
of growing axons, inhibition of axon branching, and trophic 
differences, have been described that can mediate inter- 
actions between RGCs and their targets based on their 
positions within their developmental fields. Although each 
mechanism may provide only limited targeting information 
in isolation, in combination they could be sufficient to cre- 
ate a basic topographic map that would be subject to re- 
finement using neuronal activity. 
Refining Connections Using Neuronal 
Activity-Dependent Mechanisms 
Patterns of neuronal activity play essential roles in estab- 
lishing the precise pattern of neuronal connectivity in many 
systems (reviewed by Goodman and Shatz, 1993). The 
use of neuron al activity to refine connection patterns would 
allow function to tune complex neuronal circuitry, helping 
to minimize the need for different molecules to distinguish 
and match synaptic partners. This phenomenon has been 
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demonstrated elegantly in a number of systems. For in- 
stance, although vertebrate motoneurons initially project 
to the appropriate muscle, individual muscle fibers receive 
innervation from multiple motoneurons (Thompson, 1986). 
Neuronal activity is required for the elimination of innerva- 
tion by all but one motoneuron, which refines the initial 
projection and establishes the final pattern of connection. 
The role of neuronal activity in connectivity pattern re- 
finement has been elegantly studied in the projections of 
RGCs to the lateral geniculate nucleus (LGN) in cats and 
ferrets (reviewed by Shatz, 1994). The LGN on each side 
of the animal receives RGC projections from both eyes. 
The projections coming from the individual eyes form con- 
nections in separate layers in the LGN. Thus, layers con- 
taining connections from the right eye alternate with layers 
containing connections from the left eye. Initially, inputs 
from the two eyes are intermingled, and functional syn- 
apses are made. The segregation into layers then occurs 
in a process that requires neuronal activity. This activity- 
dependent process precedes the appearance of functional 
photoreceptors. A remarkable series of experiments that 
use multielectrode and optical recording techniques to 
monitor the activity of many neurons simultaneously dem- 
onstrated that waves of spontaneous activity initiate and 
swirl around the developing retina (Meister et al., 1991; 
Wong et al., 1993, 1995). These waves continue for a few 
seconds and then stop for up to 2 min before beginning 
again. These waves could serve to correlate the activity 
of neighboring RGCs in time and separate the activity of 
RGCs from different eyes (Meister et al., 1991). As dis- 
cussed below, correlated neuronal activity may play a cen- 
tral role in specifying connection patterns. 
Correlated activity of two inputs into a shared target has 
been proposed to be important in altering the strength 
of synaptic transmission (Hebb, 1949). For instance, in 
long-term potentiation, cells that activate the postsynaptic 
cell simultaneously have their connection to the postsyn- 
aptic cell strengthened (Madison et al., 1991), whereas, 
in long-term depression, cells that activate the postsynap- 
tic cell out of phase with other input will have that connec- 
tion weakened (Linden, 1994). Together this creates a situ- 
ation in which “cells that fire together wire together,” and 
cells that do not fire together will not wire together. If such 
circuitry were used to set up the pattern in the LGN, the 
waves of spontaneous activity could cause the cells from 
the same eye to wire together and to leave the other eye’s 
area. In addition, this could also lead to the refinement of 
the retinotopic map, as RGCs that are next to each other 
fire more frequently together than cells that are far apart. 
Recently, the phenomenon of increased transmission 
after simultaneous activity has been demonstrated in the 
LGN (Mooney, et al., 1993). It has been suggested that 
such a system of activity-dependent strengthening and 
weakening of connections may be at work widely in the 
nervous system.and that this mechanism may be a major 
organizing feature in the establishment and maintenance 
of synaptic connections (see Kandler and Katz, 1995). 
In the mammalian visual system, neuronal activity 
driven by perceptual experience is also important in shap- 
ing connection patterns. Neurons in layer 4 of primary 
visual cortex receive input from neurons in the LGN. As 
described above, RGCs from each eye connect to sepa- 
rate regions of the LGN. In newborn kittens, the connec- 
tions to layer 4 by LGN neurons representing each eye 
are intermingled (LeVay et al., 1978). This pattern is re- 
fined over a period of l-2 months, as LGN neurons repre- 
senting each eye segregate into alternating regions, called 
ocular dominance columns, that receive input preferen- 
tiallyfrom one eye. Silencing of RGC neuronal activity with 
tetrodotoxin blocks formation of these columns (Stryker 
and Harris, 1986). Furthermore, occlusion of vision in one 
eye causes alterations in the cortical projections of LGN 
neurons (Antonini and Stryker, 1993); the cortical area 
occupied by the deprived eye shrinks and that occupied 
by the nondeprived eye expands (Hubel et al., 1977; Shatz 
and Stryker, 1978). 
At present the detailed molecular mechanisms of synap- 
tic strengthening and weakening and the structural wiring 
changes that may result from differential activity are only 
beginning to be elucidated. In one promising approach, 
Li et al. (1994) have addressed these issues by using 
knockout mice. In mice, sensory neurons from the whisk- 
ers, the trigeminal ganglion neurons mentioned above, 
form topographic projections in the trigeminal brainstem 
nuclei. Each whisker is represented by a discrete synaptic 
region, or barrel, and the barrels are arranged so that the 
spatial relationships between the innervating whiskers are 
retained. NMDA receptors have been extensively impli- 
cated in the activity-dependent refinement of synaptic con- 
nections in many systems (Simon et al., 1992). In mice 
mutant for the Rl subunit of the NMDA receptor, the over- 
all development of sensory neurons and target is unaf- 
fected (Li et al., 1994). But, although the gross topography 
of incoming fibers is maintained in the mutant, the discrete 
barrels do not form, demonstrating the importance of 
NMDA-mediated activity in the refinement of an initially 
crude topographic pattern. 
Conclusion 
The remarkable specificity of neuronal connectivity was 
evident over a century ago. During the past several years 
progress has been made in uncovering the molecular pro- 
cesses regulating the assembly of ensembles of highly 
interconnected neurons. Important advances have been 
made in identifying molecules regulating neuronal out- 
growth through the use of biochemical, genetic, and immu- 
nological approaches. Progress in identifying molecular 
determinants of targeting have been hampered by the lack 
of biochemical assays for factors conferring target speci- 
ficity and robust genetic screens to identify mutations dis- 
rupting specific subsets of connections. Technical ad- 
vances along several fronts have already led to significant 
progress. Ingenious in vitro assay systems led to the identi- 
fication of functional differences between anterior and pos- 
terior tectal cells in influencing growth cone behavior (Wal- 
ter et al., 1987). Subsequent biochemical and candidate 
gene approaches have led to the observation that retino- 
tectal target recognition may be regulated by tyrosine ki- 
nase receptomigand systems (Cheng et al., 1995; Drescher 
et al., 1995). The identified receptor is a member of the 
Cell 
184 
largest subfamily of tyrosine kinase receptors, raising the 
exciting possibility that related tyrosine kinase receptors 
and their ligands will play critical roles in target specificity. 
These findings should catalyze the biochemical dissection 
of the mechanisms by which specific receptors on the 
growth cone translate spatial information into highly spe- 
cific movements and responses. 
Ectopic expression studies have clearly shown that vari- 
ous extracellular and cell surface molecules can influence 
patterns of target recognition (Nose et al., 1994; Matthes 
et al., 1995; Chibaet al., 1995). Nevertheless, the mecha- 
nisms by which neurons normally select among a set of 
potential targets remain largely unknown. Genetic sys- 
tems have made enormous contributions to pattern forma- 
tion and cell fate determination in general; they promise 
to make a significant impact in uncovering mechanisms 
of neuronal target recognition as well. The discovery of 
efficient ways of screening for mutations based on selec- 
tive labeling of subclasses of neurons in mutagenized indi- 
viduals has led to the identification of mutants not only 
in Drosophila and C. elegans, but also in the zebrafish 
retinotectal system (Kahn, 1994). The molecular charac- 
terization of these genes will provide a powerful comple- 
ment to the biochemical and molecular approaches being 
pursued in vertebrates. 
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